The signals that determine whether axons are ensheathed or myelinated by Schwann cells have long been elusive. We now report that threshold levels of neuregulin-1 (NRG1) type III on axons determine their ensheathment fate. Ensheathed axons express low levels whereas myelinated fibers express high levels of NRG1 type III. Sensory neurons from NRG1 type III deficient mice are poorly ensheathed and fail to myelinate; lentiviral-mediated expression of NRG1 type III rescues these defects. Expression also converts the normally unmyelinated axons of sympathetic neurons to myelination. Nerve fibers of mice haploinsufficient for NRG1 type III are disproportionately unmyelinated, aberrantly ensheathed, and hypomyelinated, with reduced conduction velocities. Type III is the sole NRG1 isoform retained at the axon surface and activates PI 3-kinase, which is required for Schwann
Introduction

Axons profoundly regulate Schwann cells during development of the peripheral nervous system (PNS)
. Myelination typically commences around axons with a diameter of 1 m or greater, and above that size, myelin sheath thickness is correlated to axon diameter (Peters et al., 1991) . These findings led to the hypothesis that a critical axonal diameter triggers Schwann cell myelination, reflecting either the size of the axon (Friede, 1972; Murray, 1968; Voyvodic, 1989) or the quantity of signaling molecules on its surface (Spencer and Weinberg, 1978 ). An alternative hypothesis is that distinct cell surface components are present on axons destined to be myelinated that regulate Schwann cell differentiation. Such molecules have yet to be identified.
Proteins encoded by the neuregulin-1 (NRG1) gene ( 
Results
NRG1 Type III Is Required for Ensheathment and Myelination of Axons by Schwann Cells
We first examined the role of NRG1 type III in myelination by explanting dorsal root ganglia (DRG) from wildtype (wt) and knockout (NRG1 type III −/− ) mice (Wolpowitz et al., 2000) into culture. Neurites from wt mice were quickly repopulated by endogenous Schwann cells migrating out from the explant and associating with individual nerve fibers. In contrast, there was a marked deficiency of Schwann cells in explants from the NRG1 type III −/− mice (see Figure S1 in the Supplemental Data online); over time (weeks), such cultures partially repopulated with endogenous Schwann cells. Interestingly, many of the Schwann cells in the NRG1 type III −/− cultures preferentially grew out along the substrate rather than attaching to the neurites, which instead remained fasciculated and poorly ensheathed ( Figure S1 ). This phenotype was never observed in the wt cocultures. These explant studies are consistent with the known role of NRG1 type III in the generation of Schwann cells and also suggest that NRG1 type III is required for proper ensheathment.
To (Figure 1Ad) . The lack of myelin protein expression was confirmed by Western blotting culture lysates ( Figure  1B) . Similarly, Oct-6/SCIP/Tst-1, a key transcription factor of promyelinating Schwann cells (Scherer et al., 1994) Taken together these data demonstrate that NRG1 type III is an essential neuronal signal for Schwann cell myelination of all size classes of DRG neurons, independent of its mitogenic and trophic activity.
Abnormalities of ensheathment and myelination of NRG1 type III −/− axons were confirmed by electron microscopy (Figure 2 ). Several striking differences between these sets of cocultures were observed. The wt cocultures were robustly myelinated, whereas no myelin was present in the NRG1 type III −/− cocultures. In addition, unmyelinated axons in the wt cocultures were fully ensheathed and separated by Schwann cell processes, whereas many of the NRG1 type III −/− axons lacked any investment by Schwann cell processes, remaining directly in contact with other neurites. Other NRG1 type III −/− axons were only partially ensheathed or were incompletely sorted into separate "pockets" of the Schwann cell ( Figures 2B and 2D, asterisks) . Even large axons (>1 m) remained unsorted despite close association with Schwann cells (Figure 2F, asterisks) . These studies confirm that Schwann cells do not myelinate NRG1 type III −/− axons and indicate that NRG1 type III is also required for proper segregation and ensheathment of axons by Schwann cells.
NRG1 Type III Expression Levels Determine the Ensheathment Fate of Axons
We next asked whether NRG1 type III is not only necessary but may provide the long-sought instructive signal for Schwann cell myelination. We first confirmed that NRG1 levels were deficient in NRG1 type III −/− neurons ( Figure 3A) . Lysates from these neurons were probed with an antibody against an NRG1 epitope common to the "a" type cytoplasmic tail, the most abundant variant expressed in the nervous system (Falls, 2003b Figure 3B ). Live staining for the HA tag indicated that NRG1 type III was robustly expressed at the surface of many axons (Figure 3C) . Addition of Schwann cells to these infected NRG1 type III −/− neurons demonstrated a striking rescue of myelination to levels similar to wt neuron cocultures based on immunofluorescence ( Figure 3D ) and Western blotting for the myelin protein, P0 ( Figure 3B ).
We also observed numerous examples of unusually thick myelin sheaths after just 2 weeks of coculture in myelinating conditions ( Figure 3E) ; the most heavily myelinated segments were on average twice as thick in infected NRG1 type III −/− as compared to wt cultures ( Figure 3F ). While the HA epitope was consistently masked in cocultures, the sequential arrangement of these segments along individual axons ( Figure 3E ) suggests that those fibers may express unusually large amounts of NRG1. These results indicate that deficient myelination of NRG1 type III −/− neurons is specifically due to the lack of NRG1 type III expression and demonstrate that driving type III expression can result in a substantial increase in the thickness of the myelin sheath.
To address further a potential instructive role of NRG1 type III in myelination, we compared the levels of NRG1 on three sets of peripheral neurons: NGFdependent sympathetic neurons of the superior cervical ganglia (SCG), which are ensheathed but unmyelinated; NGF-dependent neurons from DRGs, which are thinly myelinated; and the larger BDNF-and NT3-dependent neurons from DRGs, which are more consistently and heavily myelinated (Snider and Wright, 1996) . Western blotting demonstrates that each set of neurons express both NRG1 bands ( Figure 4A ). However, SCG neurons express minimal levels of NRG1 type III, whereas DRG neurons, particularly the BDNF-and NT3-dependent neurons, express much higher levels. These results provide an explanation for the relatively limited mitogenic effects of SCG compared to DRG neurons for Schwann cells (R. Devon and P. Wood, cited in Obremski et al., 1993). Importantly, they indicate that levels of NRG1 vary widely on different axon types in a manner correlated to their ensheathment fate. As each lane was loaded with equal amounts of protein, NRG1 expression levels do not strictly correlate with axon size.
A key question is whether increasing the expression of NRG1 type III in SCG neurons can promote myelination of these normally unmyelinated nerve fibers. To address this possibility, SCG neurons cultured from P2 rats were infected with the NRG1 type III-lentiviral construct. This resulted in detectable NRG1 type III expression, although the level of expression achieved after lentiviral infection was consistently lower in SCG than in NRG1 type III −/− DRG neurons, based on staining for the HA epitope (data not shown) and blotting for NRG1 ( Figure 4B ). Rat Schwann cells were then added to control or infected SCG neurons, and cocultures were maintained under myelinating conditions, fixed, and stained for MBP expression. As expected, myelin segments were rarely observed in the cocultures of uninfected SCG neurons. In contrast, significant numbers of myelin segments formed when Schwann cells were cocultured with infected neurons ( Figure 4C ) and continued to accumulate over time (data not shown). These results are quantitated in Figure 4D . This increase was quite remarkable, considering the limited expression of NRG1 type III by these neurons. These results demonstrate that expression of NRG1 type III by itself is sufficient to switch axons that are normally unmyelinated to a myelinating fate and provide compelling evidence for its instructive role. the key activator of PI 3-kinase and that activation is graded to the levels of NRG1type III. They also strongly suggest that other non-NRG1 signals on the axon activate MAP kinase.
NRG1
Ig-NRG1 Isoforms Are Shed by Metalloproteinase Cleavage
To determine whether other NRG isoforms expressed by NRG1 type III −/− neurons are cleaved and shed, we measured NRG activity in conditioned media from wt, Figure 5C ). In each case, the NRG activity was largely blocked by incubation with soluble heparin, indicating that it reflects Ig (type I or II) isoforms. To examine the mechanism of shedding, cDNA constructs encoding HA-tagged NRG1 isoforms were nucleofected into rat DRG neurons. Neurons were grown for an addi- (Table 1) ; thus, 41% of fibers are my- (Table 1 and Figure S4 ) but comparable axon diameters in adults (wt 3.31 m ± 0.12 versus NRG1 type III +/− 3.30 m ± 0.13; mean ± SEM). The ultrastructural appearance and periodicity of myelin lamellae were also unaltered ( Figure S4 ), indicating that differences in myelin sheath thickness are due to differences in the number of lamellae.
The organization of the Remak bundles was also quite different in the heterozygotes (Figure 7 Morphologic analyses were performed using NIH Image J and Prism software. G ratios were calculated from the data set in Figure S4 . pockets ( Figure 7C ). Remak bundles in NRG1 type III +/− nerves had w50% more axons per Schwann cell than in the wt nerves. There were several examples of more than 50 axons/bundle in NRG1 type III +/− nerves; wt nerves rarely had more than 30 axons/Remak bundle ( Figure 7D ), consistent with a recent report (Murinson and Griffin, 2004 ). In addition, many of the axons in Remak bundles of NRG1 type III +/− mice were not appropriately segregated into separate pockets of the Schwann cell but rather were bundled together as axon fascicles and lacked intervening Schwann cell processes. Wild-type nerves rarely contained more than seven axons/pocket, whereas NRG1 type III +/− nerves had as many as 35 axons/pocket ( Figure 7E ). Interestingly, many of the bundled axons in the NRG1 type III +/− nerves were tightly packed together and exhibited flattened, elongated profiles. These findings suggest that Schwann cell ensheathment is required for appropriate axon morphology in the adult. Corresponding abnormalities of nerve conduction velocity (NCV) were observed, with both Remak/C fibers and myelinated fibers in the heterozygotes conducting significantly more slowly than their wild-type counterparts (Table 1 and Figure S5 ). In addition, C fiber traces were typically more heterogeneous and exhibited reduced amplitudes in NRG1 type III +/− mice compared to their wt littermates ( Figure S5 ).
Taken together, these findings indicate that limiting amounts of NRG1 type III increased the proportion of unmyelinated axons, resulted in aberrant sorting and ensheathment of axons in Remak bundles, thinner sheaths, and corresponding abnormalities of nerve conduction. A summary of morphologic abnormalities observed in the heterozygotes and cultures are illustrated in Figure 8 .
Discussion
The nature of the signal(s) that determines whether axons are ensheathed or myelinated has long been elusive. We demonstrate here that NRG1 type III regulates the binary choice between ensheathment and myelination in the PNS. Low levels are required for ensheathment of PNS axons, while high levels trigger myelination. At levels above this threshold, the amount of myelin formed is graded to the levels of NRG1 type III. 
NRG1 Type III Is an Essential Signal for Ensheathment and Myelination in the PNS
Threshold and Graded Effects of NRG1 Type III on Myelination
This study establishes NRG1 type III as a key axonal signal that determines the binary choice between ensheathment and myelination. Thus, Schwann cells fail to myelinate NRG1 type III −/− neurites, and NRG1 type III +/− sciatic nerves are substantially hypomyelinated due, in part, to a reduction in the proportion of myelinated fibers (Table 1) . The latter result suggests that fibers that would normally be myelinated are instead present in Remak bundles. In potential agreement, a number of unmyelinated axons in the type III heterozygotes had very large axon circumferences; some were nearly twice that of the smallest myelinated fibers in wt nerves (data not shown).
We have also shown that NRG1 levels on different fiber types correlate with their ensheathment fate. SCG neurites, which are poorly ensheathed by Schwann cells in cocultures (Obremski et al., 1993) , express negligible levels of NRG1 ( Figure 4A ). In contrast, DRG neurites, which express much higher levels of NRG1, are fully ensheathed and many fibers become myelinated. Figures 4C and 4D) . These results indicate that expression of this single molecule is sufficient to alter the ensheathment fate of the axon.
Together, these results provide compelling evidence that a threshold level of NRG1 type III is critical in determining which axons become myelinated. Neurites that are normally myelinated express NRG1 type III at substantial levels but are unmyelinated in its absence; neurites that are normally unmyelinated express limited amounts and become myelinated with its expression. Haploinsufficiency results in a shift from myelinated to unmyelinated fibers in peripheral nerves. Above threshold levels, myelin sheath thickness is graded to the amount of NRG1 type III (Figures 3E, 3F, and 7 Although Schwann cells fail to ensheath NRG1 type III −/− axons in the cocultures, they do attach to and appose these neurites (Figures 2D and 2F) . AxonSchwann cell apposition is mediated by cell adhesion molecules expressed by Schwann cells and axons, such as N-cadherin and L1 (Haney et al., 1999; Wanner and Wood, 2002) . This study indicates that, while these adhesion molecules are necessary for attachment, they are not sufficient for ensheathment; rather, they require activation of intracellular signaling pathways by NRG1 type III. The PI 3-kinase pathway is likely to mediate many of the downstream effects of NRG1 type III. We show here that NRG1 type III is the key signal on the axon that regulates the activity of PI 3-kinase in Schwann cells and this activation is graded to NRG1 levels ( Figure 5B) . PI 3-kinase activity is known to be required for appropriate axon segregation and is essential for and promotes subsequent Schwann cell myelination ( 
Experimental Procedures
Mice and Genotyping Generation of NRG1 type III knockout mice has been described previously (Wolpowitz et al., 2000) . Mice were genotyped by PCR using the following primers: 5#-ACTTTCTTCTTCCCATTCTGT-3#, 5#-TTTACTCTTCCTTACGGTCTA-3#, and 5#-TTTCTCTTGATTCCC ACTTTG-3#. PCR was carried out at 94°C for 30 s, 52°C for 60 s, and 72°C for 60 s, followed by 10 min extension at 72°C for 30 cycles. The expected 700 nt product for wild-type allele and 734 nt product for the mutant allele were separated on a 2% agarose gel.
Cell Cultures
Mouse and rat DRG were isolated from E14.5 and E16.5 embryos, respectively, and established on collagen-coated glass coverslips as described (Zanazzi et al., 2001 ). Explants were cycled with FUDR to eliminate all nonneuronal cells. Neuronal media was sup-plemented with 50 ng/ml NGF (Harlan, Bioproducts for Science) and, in some cases, 25 ng/ml BDNF (PeproTech) and 10 ng/ml NT3 (Austral Biologicals). Primary rat Schwann cells were prepared as described (Einheber et 
Preparation of Detergent Lysates and Immunoblotting
Tissues and cell cultures were Dounce homogenized in a lysis buffer containing 2% SDS, 95 mM NaCl, 10 mM EDTA, 1 mM PMSF, 10 g/ml aprotinin, 20 M leupeptin, 1 mM orthovanadate, and 2.5 mM sodium pyrophosphate in 25 mM Tris buffer (pH 7.4). Protein concentrations were determined by the BCA method (Pierce); samples (20-40 g of protein) were fractionated by SDS-PAGE and blotted onto nitrocellulose (Protran Biosciences). Appropriate regions were excised, incubated with specific primary and secondary antibodies, and developed with the SuperSignal chemiluminescent substrate (Pierce). To compare levels of MBP, P0, and MAG, nitrocellulose membranes were incubated with the appropriate primary antibody followed by 125 I-labeled protein A (Valeant ICN Pharmaceutical). Quantitation was performed using a Molecular Dynamics PhosphorImager and the ImageQuant Software. 
Measurement of NRG Release from Cultured Neurons
Lentivirus Production and Infection
A lentivirus expressing NRGβ1a type III HA was generated using the ViraPower Lentiviral Expression System (Invitrogen) according to the manufacturer's instructions. The cDNA encoding NRGβ1a type III HA was cloned in a pLenti6/V5 plasmid using the Directional TOPO R Cloning Kit (Invitrogen) and confirmed by sequencing. 293FT cells were transfected together with pLP1, pLP2, and pLP/ VSVG plasmids (Invitrogen) using Lipofectamine 2000 (Invitrogen). Supernatants were collected after 48 hr and stored at −80°C until used. Primary neurons, DRGs and SCGs, were infected the day after dissection with 100 l of the produced virus. Cells were kept in the presence of the virus for 48 hr in MEM, 10% FBS, 2 mM L-glutamine, and antimitotic agents. Viral expression was confirmed by HA staining 11 days after infection. To quantitate the fiber diameter in infected NRG1 type III −/− and control cultures, highpower images were acquired by confocal microscope and analyzed using Volocity software. Nonoverlapping digitized images of fiber cross-sections were obtained and analyzed from sciatic nerve using Image J software (National Institute of Health). G ratios were determined by dividing the diameter of the axon by that of the total fiber diameter from w600 fibers in the sciatic nerve (four animals per genotype). The total number of unmyelinated fibers, the number of axons/Remak bundle, and the number of axons in Schwann cell pockets were determined from the same digitized images used for g ratio analysis.
Fc Fusion Proteins and Binding Experiments
Electrophysiology
Compound action potentials were measured by drawing each end of a nerve into a suction electrode; the n varied between 5 and 10 for all measurements. At the proximal end, the entire trunk was held in the pipette, and stimuli were applied. At the distal end, tibial and peroneal branches were placed sequentially in a pipette for recording. Nerves were bathed in oxygenated Locke's solution containing 154 mM NaCl, 5.6 mM KCl, 2 mM CaCl 2 , 5 mM glucose, and 10 mM HEPES (pH 7.4). Bath temperature was controlled with a proportional heater. Sweeps were collected and analyzed in a laboratory computer. The stimulus amplitude was first set for the myelinated axons and was then raised until the signal from the unmyelinated axons was maximal. To increase the signal-to-noise ratio for C-fibers, 8-32 sweeps were averaged. Further details have been published (Vabnick et al., 1999) .
Statistical Analysis
Statistical analyses (Fischer' s exact test, χ 2 , and t test) were performed using the Prism Software package (GraphPad).
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